understood how daily fluctuations in the levels of a clock protein are generated, in the two best studied systems (Drosophila and Neurospora) clock proteins have been shown to negatively regulate their own transcription in a time-of-day-specific manner leading to cycling levels
superfamily (Huang et al., 1993) . Characterization of the Hogenesch et al., 1998) . Based on these recent findings, it is postulated that in Drosophila dCLOCK interacts with mouse Clock gene provided the first evidence of a bHLH-PAS protein that plays a role in the manifestation CYC to function as a positive element in a circadian transcriptional loop by stimulating the expression of per of circadian rhythms (King et al., 1997; Vitaterna et al., 1994) . The recent discovery of per homologs in mice and tim. To generate the negative element in the transcriptional feedback loop, PER and TIM somehow in-(mper-1, mper-2, and mper-3) (Albrecht et al., 1997; Shearman et al., 1997; Sun et al., 1997; Tei et al., 1997;  hibit the transcriptional activity of the dCLOCK-CYC complex. Zylka et al., 1998) indicated that the Drosophila and mammalian clocks share components that are structurDespite this wealth of information, it is not known how dCLOCK is regulated during a daily cycle. It is also not ally conserved and raised the possibility of a Drosophila Clock homolog. Indeed, we and others recently deknown whether PER or perhaps TIM is an in vivo partner of dCLOCK. In this study, we biochemically characterize scribed the molecular characterization of a Drosophila Clock homolog (dClock) (Allada et al., 1998; Bae et al., dCLOCK endogenously produced in Drosophila, providing new insights into how its activity is regulated. We 1998; Darlington et al., 1998) . Darlington et al. (1998) showed that forced expression of dClock in Drosophila show that similar to PER, TIM, and FRQ, dCLOCK undergoes daily oscillations in abundance and phosphorylatissue culture cells can drive the expression of a reporter gene flanked on the 5Ј end with E-box elements present tion, raising the possibility that it is a state variable in a circadian oscillator. The PER-TIM complex associates in either per or tim. This stimulatory effect of dCLOCK is inhibited when PER and TIM are present together but with dCLOCK in a time-of-day-specific manner, suggesting a biochemical mechanism for the regulation of not alone. Importantly, in a screen for new genes that affect circadian rhythms in Drosophila, Rosbash, Hall, dCLOCK transcriptional activity in vivo. Furthermore, these results indicate that PAS-containing proteins can and their colleagues recently showed that a mutation in dClock that removes most of the putative transcriptional participate in stable trimeric complex formation, in addition to their well-characterized ability to form dimers. activation domain leads to constitutively low levels of per and tim transcription (Allada et al., 1998) . In addition, Finally, in the absence of PER or TIM the abundance of dCLOCK is constitutively low, indicating that PER and they reported the isolation of a Drosophila homolog of the bHLH-PAS protein BMAL1, termed CYCLE (CYC), TIM also function as positive elements in the oscillatory mechanism. that is also required for the manifestation of circadian rhythms and high-level expression of per and tim (Rutila et al., 1998) . These findings are consistent with the reResults cent demonstration that CYC can interact with dCLOCK in a yeast two-hybrid assay (Darlington et al., 1998) . A dCLOCK Undergoes Daily Changes in Abundance To biochemically characterize dCLOCK in vivo, antisera remarkably similar situation also operates in the mammalian system, whereby CLOCK interacts with BMAL1
were generated in either guinea pigs or rats using immunogen derived from two different portions of dCLOCK or its close relative MOP3 to activate transcription through E-box elements such as those found in per (dCLK-1, amino acids 461-581; and dCLK-2, amino acids 665-811). The immunoreactivity and specificity of from either Drosophila or mammals (Gekakis et al., 1998;  the individual antisera were initially tested by performing (Allada et al., 1998; Bae at al., 1998; Darlington et al., Western blots (immunoblots) of in vitro translated 1998) and (2) migrates more slowly than the version dCLOCK ( Figure 1A , lane 2) and a nonspecific protein produced in vitro in a rabbit reticulocyte lysate ( Figure  (lane 3) . Figure 1B shows a typical immunoblotting result 1B, compare electrophoretic mobilities in lanes 5 and obtained with one of our strongest anti-dCLOCK anti-2), suggesting the possibility that wild-type dCLOCK is bodies. This antibody was generated by immunizing subject to posttranslational modifications (see below). guinea pigs with dCLK-2 and recognized in vitro transIn a related issue, Allada et al. (1998) and Darlington lated dCLOCK but not an equivalent amount of PER et al. (1998) reported the isolation of variant forms of ( Figure 1B , compare lanes 2 and 3) (data not shown). A dClock cDNAs that are predicted to encode smaller versurvey of all our anti-dCLOCK antibodies revealed that sions of the dCLOCK protein, some of which include the highest titer antibodies that recognized dCLOCK amino acid sequences present in the two immunogens were produced when using dCLK-2 as the source of we used to generate antibodies to dCLOCK. Nevertheimmunogen.
less, numerous attempts to visualize smaller variants of Recently, we showed that in a standard 12 hr light:12 dCLOCK were unsuccessful (data not shown). A possihr dark cycle (LD; where zeitgeber time 0 [ZT0] is lightsble explanation for this failure is that the dClock tranon and ZT12 is lights-off), dClock transcripts undergo scripts encoding these smaller variants are present in daily oscillations in abundance peaking in the late night/ much lower amounts than the version encoding the fullearly morning and reaching trough values around the length product (Darlington et al., 1998) . light:dark transition (Bae et al., 1998) . Based on this
To better determine the changes in the abundance of observation, we predicted that the levels of dCLOCK dCLOCK as a function of time, we collected wild-type might also manifest daily rhythms. As an initial attempt flies throughout an LD cycle and analyzed head extracts to test this prediction, we prepared head extracts from by immunoblotting ( Figure 2A , top panels; quantitation flies collected at ZT11.5 and ZT23.5, times in a daily shown in Figure 2B , closed squares). dCLOCK manifests cycle when the abundance of dClock RNA is relatively robust rhythms in abundance (‫-6ف‬fold amplitude; n ϭ low and high, respectively. Heads were used because 4), reaching maximum levels between ZT23.5 and ZT4 it is the anatomical location of the best-characterized and trough amounts between ZT11.5 and ZT16. The circadian clock in Drosophila (Handler and Konopka, accumulating and declining phases of dCLOCK occur 1979; Ewer et al., 1992) . Also, in our earlier study, we ‫4ف‬ hr after those of PER ( (Bae et al., 1998) . A strongly staining band with an bottom panel; Figure 2B , open circles), the levels of estimated molecular weight ranging between 130 and dCLOCK increase as those of TIM decrease and are at 150 kDa is present at ZT23.5 ( Figure 1B , lane 5) but is trough values at the same time in a daily cycle when essentially undetectable at ZT11.5 (lane 4), consistent TIM is undergoing rapid increases in abundance. Similar with the phase of dClock RNA cycling. Furthermore, we to PER but unlike TIM, the abundance of dCLOCK is previously showed that the levels of dClock RNA are not rapidly altered by light pulses (data not shown). The constitutively low in two arrhythmic Drosophila mutants time course for the accumulation of the protein and that do not produce detectable levels of PER (per 01   ) RNA products from dClock is similar ( Figure 2C ). This (Konopka and Benzer, 1971) (Figure 2A , middle panel, temporal relationship is notably different from that oblane 7) or TIM (tim 0 ) (Figure 2A , served for PER and FRQ, whereby these two proteins bottom panel, lane 8) (Bae et al., 1998) . In agreement reach maximum levels ‫6-4ف‬ hr after the peak in their with our earlier study, the 130-150 kDa anti-dCLOCK RNAs (Hardin et al., 1990; Aronson et al., 1994 ; Zeng et immunoreactive band(s) is essentially absent in head Garceau et al., 1997) , suggesting that unlike extracts prepared from per 01 ( Figure 1B The dCLOCK Abundance Cycle Is Regulated dClock expression (Bae et al., 1998) , in sharp contrast in a Circadian Manner to their previously documented roles in transcriptional
The cycling of dCLOCK in LD might be an exogenous autoinhibition . In addition, a band response to the light:dark cycle or reflect bona fide cirwith the same size and temporal changes in staining cadian regulation. To test whether the daily cycling of intensity is detected with other anti-dCLOCK antibodies dCLOCK is driven by the circadian clock, we measured ( Figure 1 , lanes 9 and 10, and Figure 2A , top panels) but its level in constant dark conditions (DD). The abunis absent when immunoblots are probed with preimdance of dCLOCK continues to undergo daily oscillamune serum (data not shown). Furthermore, similar tions for at least 2 days in DD ( Figure 2D , top panel) staining intensities of this band were detected in head (data not shown), confirming that this molecular cycle extracts prepared as described in this report compared is clock regulated. Although the amplitude of the rhythm to those prepared using denaturing conditions (data not in dCLOCK levels is reduced in DD, the oscillation noneshown). Based on these observations, we conclude that theless persists with a phase relationship similar to that the 130-150 kDa anti-dCLOCK immunoreactive band observed in LD (compare Figures 2A and 2D , top panels). identifies all, or most, of the full-length dCLOCK protein Likewise, the peak-to-trough value for the dClock RNA produced in adult fly heads. The apparent molecular cycle was also greater in LD compared to DD (Bae et weight of dCLOCK in wild-type flies is (1) ‫53-51ف‬ kDa al., 1998), suggesting that light enhances the rhythm in larger than the predicted size of 116 kDa based on conceptual translation of the dClock open reading frame dClock expression. This is not surprising, given that PER and TIM, which are required for high-level expression dCLOCK experiencing posttranslational modifications in vivo. Previous studies showed that the electrophoretic of dClock (Bae et al., 1998) , also manifest daily fluctuations in abundance that have higher amplitudes in LD mobilities of PER (Edery et al., 1994) and FRQ (Garceau et al., 1997) , and to a lesser extent those of TIM (Zeng et (e.g., compare Figures 2A and 2D, bottom two panels) . Taken together, the results clearly demonstrate that al., 1996), also undergo time-of-day-dependent changes (e.g., Figure 2A , bottom two panels). The temporally dCLOCK undergoes daily changes in its levels and that PER and TIM are required for the rhythmic accumulation regulated mobility shifts in PER and TIM are mostly, if not exclusively, due to phosphorylation (Edery et al., of dCLOCK. 1994; . To investigate the possibility that dCLOCK is phosdCLOCK Is Phosphorylated throughout a Daily Cycle phorylated, head extracts were incubated with antidCLOCK antibodies, and immune complexes treated The greater apparent molecular weight of wild-type dCLOCK produced in flies compared to an in vitro transwith lambda () protein phosphatase and subsequently analyzed by immunoblotting (Figure 3 ). At all time points lated version ( Figure 1B , lanes 2 and 5) might be due to analyzed, phosphatase treatment resulted in the detec-ZT23.9 (lane 7). Between ZT16 and ZT23.9, the amounts of all three proteins in immune complexes increased, tion of a faster migrating band of similar mobility ( Figure  even though the total levels of TIM and PER in head 3A, compare lanes 2 and 5 to lanes 1 and 4, respectively) extracts peak at ZT16 and ZT20, respectively ( Figure  ( data not shown), raising the possibility that similar to 2B). This suggests that during the night dCLOCK is pres-FRQ (Garceau et al., 1997) de novo synthesized dCLOCK ent in limiting amounts compared to PER and TIM. Deis rapidly phosphorylated. Importantly, the phosphaspite the higher levels of immunoprecipitated dCLOCK tase-induced mobility shift was blocked by the addition between ZT4 and ZT8 compared to values obtained of the phosphatase inhibitor vanadate (lanes 3 and 6). No between ZT12 and ZT16, very little, if any, PER and TIM shift in mobility was detected when in vitro synthesized are detected (Figure 4 , compare lanes 2 and 3 to lanes dCLOCK was subjected to identical phosphatase treat-4 and 5, respectively). A likely explanation for this is ments (lanes 7-9). Following phosphatase treatment, that between ZT4 and ZT8 the total levels of PER and the apparent molecular weight of dCLOCK produced in especially those of TIM are at, or close to, trough values flies was slightly larger than that of dCLOCK produced (Figure 2) . Thus, the interaction of PER and TIM with in vitro (Figure 3B ), suggesting that throughout a daily dCLOCK is mainly restricted to nighttime hours. cycle phosphorylation is the major or only posttranslaAnalysis of immune complexes derived from the per 01 tional modification to which dCLOCK is subject. Thus, mutant clearly indicated that in the absence of PER, TIM similar to PER, TIM, and FRQ, dCLOCK not only undercan still interact with dCLOCK ( Figure 4 , bottom panel, goes daily changes in abundance but is also phosphorylane 8). Because TIM is apparently located exclusively lated, suggesting that this posttranslational modification in the cytoplasm in the absence of PER (Myers et al., plays a significant role in regulating the stabilities and/ 1996; Saez and Young, 1996) , this result could suggest or biochemical activities of circadian clock proteins.
that the nuclear localization of dCLOCK also requires PER or a functional oscillator. Alternatively, low levels PER and TIM Interact with dCLOCK In Vivo of TIM might be able to enter the nucleus in the absence Darlington et al. (1998) recently showed that PER and of PER. In contrast, several attempts to visualize a spe-TIM, when present together, can inhibit dCLOCK-medicific interaction between PER and dCLOCK in the abated transcription in Drosophila tissue culture cells. It sence of TIM were unsuccessful (e.g., middle panel, lane was proposed that the inhibition of dCLOCK activity by PER and TIM might involve binding of PER and/or TIM to one or more components of the dCLOCK-CYC complex. To determine whether dCLOCK interacts with either PER or TIM in vivo, we incubated head extracts with anti-dCLOCK antibodies and probed the resulting immune complexes for dCLOCK, PER, and TIM by immunoblotting (Figure 4) .
Immunoprecipitated dCLOCK showed daily changes in abundance that were similar to those detected in total head extracts (compare Figures 4 and 2 , top panels). This result is consistent with our observation that for each time point analyzed, the majority of the dCLOCK present in the head extract was recovered in the immune pellet (data not shown). In addition, there appears to be by increases in amounts that reach peak values at 9) (data not shown). There are at least two nonmutually exclusive reasons that might account for our inability to detect PER in dCLOCK-containing immune complexes prepared from tim 0 flies: (1) the levels of PER are very low in tim 0 flies (Price et al., 1995;  e.g., Figure 2A , middle panel, lane 8) and as such the amounts of PER that copurify with dCLOCK are below our detection limit, and (2) the interaction of PER with dCLOCK requires TIM, possibly via formation of the PER-TIM complex (Lee et al., 1996; and/or a dependence for nuclear localization (Vosshall et al., 1994) .
We next sought to determine the relative amounts of dCLOCK that interact with PER and TIM as a function of time in an LD cycle. Head extracts were incubated with antibodies against either PER or TIM, and immune complexes probed for dCLOCK, PER, and TIM ( Figure  5A ). At ZT20 almost identical levels of dCLOCK copurify with antibodies directed against either PER or TIM (lanes 1 and 2, bottom panel). Equivalent amounts of PER were also present in both immune pellets ( Figure 5A , top panel, compare lanes 1 and 2), but 1.6-fold more TIM was immunoprecipitated with antibodies to TIM compared to those directed against PER (middle panel, compare lanes 2 and 1). These results are almost identical with a previous study showing that in head extracts prepared from flies collected at ZT20 (1) Ն80% of the total amount of PER is bound to TIM in a 1:1 stoichiometric relationship, and (2) there is 1.5-1.8 times more TIM compared to PER . Thus, our results plex ; Figure 5A ). The results indicate that during times in a daily cycle when the levels of TIM incubated with antibodies against TIM. When immune are equally distributed between a version that is bound complexes were analyzed by Western blotting, it reto PER and one that is largely free of PER, it is the vealed the presence of PER, TIM, and dCLOCK (lanes PER-TIM complex that preferentially associates with 1-3) (data not shown), indicating that all three proteins dCLOCK or a dCLOCK-containing complex ( Figure  stably interact. Detectable levels of dCLOCK were not 5B, bottom panel, compare lanes 1 and 2). To obtain observed in control experiments using wild-type verdirect biochemical evidence for a complex that contains sions of PER or nonspecific antibodies (data not shown). dCLOCK, PER, and TIM, we used a novel transgenic Taken together, our data with wild-type and mutant line that produces a functional version of PER that is flies suggest a range of possible interactions; depending modified at its carboxyl terminus with a 10 histidine on the time in a daily cycle, PER, TIM, and preferentially stretch (PER-HA10His) ( Figure 5C ). PER-HA10His and the PER-TIM complex can directly interact with dCLOCK any associating proteins were first affinity purified using a resin coupled to Ni 2ϩ , and subsequently the eluate was or a dCLOCK-containing complex. Irrespective of the physical nature of these interactions, they mainly occur values between ZT22 and ZT24 (So and Rosbash, 1997) . It is reasonable to predict that the levels of dCLOCK during the night in wild-type flies. The absence of significant interactions between dCLOCK and either PER or activity should have a similar temporal profile as that observed for per and tim transcription rates. Based on TIM during a large portion of the daytime hours ( Figure  4, lanes 2 and 3) is consistent with the observation that this rationale, it is clear that the dCLOCK abundance cycle (Figure 2) is not the main determinant regulating per and tim are highly transcribed during these times in a daily cycle (So and Rosbash, 1997) .
the dCLOCK-dependent transcriptional activity involved in stimulating per and tim expression. For example, during the day, the levels of dCLOCK decrease concomiDiscussion tantly with increases in the transcription rates of per and tim. Indeed, the dCLOCK abundance cycle ( Figure  Others and we recently identified a novel gene that en-2B) and the time course of per and tim transcription codes a bHLH-PAS-containing protein termed dCLOCK rates (So and Rosbash, 1997 ) have a roughly antiphase that is the putative ortholog of the mammalian Clock temporal alignment in LD. gene (Allada et al., 1998; Bae et al., 1998; Darlington et An attractive explanation for this apparent inconsisal., 1998). In this study, we report the first biochemical tency is suggested by analyzing the times in a day when characterization of a CLOCK protein endogenously pro-PER and/or TIM associate with dCLOCK. (Figure 2) , likely explaining the virtual absence of any clock component whose rhythmic change in at least one stable interactions between dCLOCK and PER or TIM value, not mere presence, is a necessary element of the during these times in a daily cycle. During the night, timekeeping mechanism. Although parameters are also PER and TIM undergo large increases in abundance that integral clock components, they are constants that opprecede the accumulation of dCLOCK. Thus, it appears erate to constrain how state variables change and dethat as dCLOCK is synthesized de novo, there is a large termine the dynamics of the oscillation. Genetic appool of preexisting PER and TIM that is available to proaches have led to the discovery of several clock interact with dCLOCK, presumably blocking its trangenes whose protein and RNA products operationally scriptional activity. The binding of PER and/or TIM to behave as state variables in a circadian clock (reviewed dCLOCK might occlude the ability of dCLOCK to interact by Rosbash et al., 1996) . The most notable examples with its putative partner CYC or DNA elements in per are per and tim in Drosophila and frq in Neurospora.
and tim. Additional regulatory schemes such as phosThe levels of the protein and RNA products from these phorylation or other inhibitory interactions that block genes manifest daily changes in abundance. In addition, the formation of productive dCLOCK-CYC complexes the PER, TIM, and FRQ proteins are phosphorylated in might also be operating to regulate dCLOCK activity. a time-of-day-specific manner. Finally, PER and TIM In addition to fluctuations in abundance, temporal display temporal changes in subcellular distribution and changes in the subcellular distributions of PER and TIM interactions with protein partners. The various cycles might also contribute to the ability of these two proteins manifested by the RNA and proteins products of these to interact with dCLOCK. Immunohistochemical expericlock genes ultimately function to temporally regulate ments have suggested that PER (and presumably TIM) the levels of the clock protein biochemical activities, enter the nucleus of key pacemaker cells in a short time contributing to the establishment of the oscillator's time window between ZT18 and ZT19 (Curtin et al., 1995) . coordinates.
We found that PER and TIM reproducibly associate with We show that dCLOCK manifests daily rhythms in dCLOCK at ZT12 and ZT16 (Figure 4 , lanes 4 and 5; n ϭ abundance, phosphorylated state, and interactions with 3) (data not shown). A likely explanation for this result protein partners (i.e., PER and TIM), raising the possibilis that a proportion of PER and TIM are present in the ity that dCLOCK is not only an integral component of nucleus by ZT12 but that previous studies using immuthe Drosophila circadian oscillator but that it is a state nohistochemical techniques failed to detect nuclear variable. Recent studies have shown that dCLOCK parstaining, due to the relatively low amounts of these proticipates with another bHLH-PAS protein called CYC to teins at this time in a daily cycle. The suggestion that stimulate the expression of per and tim. (Allada et al., between ZT12 and ZT16 some PER and TIM reside in 1998; Darlington et al., 1998; Rutila et al., 1998) . Presumthe nucleus and interact with dCLOCK to inhibit its tranably, dCLOCK and CYC form a heterodimeric complex scriptional activity is consistent with the observation that binds to E-box DNA elements found in per and tim that the rates of per and tim transcription peak at ZT12 5Ј upstream sequences, stimulating their transcription.
and are half-maximal by ZT17 (So and Rosbash, 1997) , The rates of per and tim transcription start to increase at times in a daily cycle that occur prior to the proposed nuclear entry time of PER and TIM. In the case of the ‫ف‬ZT5, peak between ZT10 and ZT12, and reach trough frq-based feedback loop, it has been estimated that negative regulators. At present, it is not clear whether the rhythmic changes in the levels of dCLOCK are necesonly ten molecules of FRQ are required in the nucleus to evoke transcriptional autoinhibition (Merrow et al., sary for circadian clock function in Drosophila. 1997). Perhaps only a small amount of PER and TIM are also required in the nucleus to inhibit their own transcripWhat Type of Interactions Does dCLOCK tion. Alternatively, in the early night some proportion of Form with PER and TIM? dCLOCK might be in the cytoplasm raising the possibilBecause PER does not have a consensus bHLH domain, ity that the subcellular distribution of dCLOCK is temponor is there any evidence that it directly interacts with rally regulated.
DNA, it was originally postulated by Rosbash and colWhat might be the biochemical consequence of phosleagues that PER inhibits its own transcription by formphorylating dCLOCK? Although the answer to this quesing nonfunctional heterodimers with transcription faction is not known, PER and TIM in Drosophila and FRQ tors (Huang et al., 1993) . With the recent demonstration in Neurospora are also phosphorylated (Edery et al., that dCLOCK and CYC are necessary for high-level ex-1994; Garceau et al., 1997) . PER and pression of per and tim (Allada et al., 1998; Darlington FRQ undergo extensive and presumably sequential et al., 1998; Rutila et al., 1998) , it was reasonable to phosphorylation events that are time-of-day specific. In speculate that PER directly interacts with dCLOCK both cases, maximum phosphorylation precedes the and/or CYC. Our findings support this model by providdeclining phase in abundance, suggesting that defined ing direct evidence that at certain times in a daily cycle hyperphosphorylated forms are targeted for rapid deg-PER is an in vivo partner of dCLOCK (Figures 4 and 5 ). radation (Edery et al., 1994; Garceau et al., 1997) . We Nevertheless, it does not appear that the interaction did not observe a temporal alignment between a hyperbetween PER and dCLOCK is dimeric in nature. For phosphorylated variant(s) of dCLOCK and the start of example, we cannot exclude the formal possibility that its declining phase (Figure 4 ) (data not shown). It might other uncharacterized proteins are mediating the interbe that the lower amplitude in the abundance rhythm action. More importantly, however, TIM is also present of dCLOCK coupled with less noticeable time-of-day difin immune complexes containing dCLOCK and PER (Figferences in electrophoretic mobilities masks any such ure 5C). Although TIM can interact with dCLOCK in the relationship. Recently, Price, Young, and their colleagues absence of PER (Figure 4 ), dCLOCK appears to have a isolated a novel Drosophila clock gene termed doublehigher affinity for the PER-TIM complex compared to a time (dbt), which encodes a protein most closely related version of TIM that does not associate with PER ( Figure  to human casein kinase I⑀ and showed that it regulates 5). Whether this reflects differential affinities or "free" the stability of PER (Kloss et al., 1998; Price et al., 1998) .
TIM engaged with other proteins is not known. We proThe ability to regulate the levels of clock proteins by pose that PER, TIM and the PER-TIM complex can interposttranslational pathways likely explains why the abunact with dCLOCK or a dCLOCK-containing complex and dance cycles of PER and FRQ are significantly displaced that the particular types of interactions that are formed from their RNA curves (Zeng et al., 1994; Garceau et al., depend on the relative stoichiometries, subcellular dis-1997). Although phosphorylation might contribute to the tributions, and affinities of the relevant partners. regulation of dCLOCK abundance, the curves describHow might a trimeric complex containing PER, TIM, ing the daily changes in the levels of the RNA and protein and dCLOCK be assembled? Presumably the HLH doproducts from dClock are very similar ( Figure 2C ), sugmain of dCLOCK does not participate in mediating progesting that the amount of dCLOCK as a function of tein-protein interactions in this putative trimeric comtime is mainly controlled by its transcript cycle. Phosplex, because neither PER nor TIM seems to have a phorylation might also affect the transcriptional activity similar dimerization region. The only other regions that of dCLOCK and/or its ability to interact with protein have been shown to mediate protein-protein interacpartners such as PER, TIM, or CYC. Future studies are tions are the PAS domain found in PER (Huang et al., aimed at understanding the in vivo role of dCLOCK 1993) and dCLOCK (Allada et al., 1998; Bae et al., 1998; phosphorylation. Darlington et al., 1998 ) and a not so well characterized Accumulating evidence clearly indicates that the cirregion in TIM that spans ‫004ف‬ amino acids and interacts cadian clocks of Drosophila and mammals share comwith the PAS domain of PER (Gekakis et al., 1995) . It is ponents with high structural similarity (Dunlap, 1998;  tempting to speculate that one or both of these domains Sassone-Corsi, 1998; Schibler, 1998) . Despite this high has the capacity to engage in at least trimeric formation. degree of structural conservation, putative orthologs Although our studies do not address the nature of the in different species can show striking differences in trimeric interaction, they indicate that PAS-containing how they are regulated (Sauman et al., 1996; Albrecht proteins are not limited to binary interactions. et al., 1997; Shearman et al., 1997; Shigeyoshi et al., 1997; Sauman and Reppert, 1998) . In a recent study, PER and TIM Function As Positive we showed that the abundance of dClock RNA is reguand Negative Regulators lated in a circadian manner (Bae et al., 1998) . This situaAlthough PER and TIM inhibit dCLOCK activity (Darlingtion is in contrast to the constitutive expression of mamton et al., 1998) , we also show that PER and TIM are malian Clock (mClock) (Sun et al., 1997; Tei et al., 1997) . required for the high-level production of dClock protein Assuming that the abundance of mCLOCK is constant, (Figure 2 ) and mRNA (Bae et al., 1998) . Thus, PER and similar to its mRNA, a reasonable speculation is that TIM appear to be the main "motor" of the Drosophila regulation of mCLOCK activity is primarily based on rhythmic changes in its interactions with positive and/or circadian oscillator, driving both positive and negative that the frq-based circadian oscillator in Neurospora is described (Lee et al., 1996; Sidote et al., 1998) . To visualize PER based on a more simple negative transcriptional feedand TIM, 5.7% polyacrylamide-SDS gels were used, whereas 5% back loop (Aronson et al., 1994) . How PER and TIM or 5.7% polyacrylamide-SDS gels were used to detect dCLOCK as stimulate dClock expression is not clear. They may inter- tivators. Alternatively, they may block the function of TIM (TR1-E3 and GP72-2) used in this study were as described negative factors leading to the stimulation of gene ex- 01 flies used in dCLK-2) were produced in bacteria according to the manufacturer's this study were descendants of stocks originally maintained in the recommended procedure (Novagen) and purified under denaturing laboratory of Dr. M. Rosbash (Brandeis University, Waltham, MA) conditions (8 M urea) using the TALON metal affinity resin from and were described previously (e.g., Edery et al., 1994) . The tim 0 Clontech. Purified fusion proteins were used to produce antibodies flies were descendants of stocks originally maintained in the laborain rats and guinea pigs (Cocalico Biologicals, Reamstown, PA). The tory of Dr. A. Sehgal (University of Pennsylvania Medical School, most specific antibodies to dCLOCK were obtained when using Philadelphia) and were described previously .
dCLK-2 as the immunogen, and two such antisera, one from rats To generate transgenic flies that produce a version of PER that is (dCRat-13) and the other from guinea pigs (dCGP-90), were used amenable to affinity purification under mild conditions, we used in this study. Bands on autoradiographs were quantified using a PCR and standard procedures to insert DNA sequences that code densitometer (Computing Densitometer Scan v 5.0) and Imagequant for the HA peptide (Field et al., 1988) followed by a stretch of ten software (Molecular Dynamics). Scanned images of autoradiohistidine residues just upstream of the per translation stop signal graphs were manipulated using Adobe Photoshop 4.0 and Canvas codon. All relevant per sequences were confirmed by DNA sequenc-5.0.3 software. ing and reconstructed into the transformation vector CaSpeR-4 containing a 13.2 kb genomic per insert (CaSpeR13.2, P. Hardin, perImmunoprecipitation and Phosphatase Treatment sonal communication) (Citri et al., 1987) . The resulting plasmid For each time point, fly heads were homogenized as described (13.2per-HA10His) was used in P element-mediated transformation above, except that extraction solution 2 (ES2: 100 mM KCl, 20 mM as previously described (Hao et al., 1997) . Three independent lines HEPES [pH 7.5], 5% glycerol, 2.5 mM EDTA, 5 mM dithiothreitol, were selected for further characterization. In a per 01 genetic back-0.05% Triton X-100, 5 mM PMSF, 10 g/ml aprotonin, 10 g/ml ground, all three lines showed robust locomotor activity rhythms that leupeptin, and 2 g/ml pepstatin A) was used instead of ES1. To had endogenous periods of ‫52ف‬ hr, indicating that the PER-HA10His remove nonspecific interactions, head extracts (800 g total protein fusion protein is essentially functionally equivalent to wild-type PER in a final volume of 0.5 ml) were first incubated with 10 l of Gam-(K. B., data not shown). Furthermore, the endogenously produced mabind Plus beads (Pharmacia) for 30 min at 4ЊC and centrifuged, PER-HA10His protein showed daily cycles in abundance and phosand clarified supernatant was removed to a new tube. A slurry conphorylation that were similar to normal PER in wild-type flies (K. taining 3 l of the specified antibody (i.e., dCGP-90, GP73, or TR1-Bae, data not shown). All flies were grown and maintained in vials E3) and 10 l of Gammabind Plus (Pharmacia) were added to the containing standard agar-cornmeal-sugar-yeast-tegosept media.
precleared head extracts and incubated with gentle rotation for 3 Vials containing ‫001ف‬ young (2-to 6-day-old) adult flies were placed hr at 4ЊC. Subsequently, beads were collected by centrifugation, in incubators (Precision Scientific) at 25ЊC, exposed to at least two washed three times (0.5 ml of ES2 for 10 min), mixed with 10 l of cycles of 12 hr light:12 hr dark (LD; where zeitgeber time 0 [ZT0] is 2ϫ SDS sample buffer, boiled, and centrifuged, and the resulting lights-on and ZT12 is lights-off) and subsequently maintained in the supernatant was resolved by immunoblotting as described above. dark (DD). At selected times during LD and DD, flies were collected For phosphatase treatment, head extracts (800 g total protein) by freezing.
were incubated with dCGP-90 anti-dCLOCK antibody and immune complexes obtained as described above. Following the last wash in ES2, the beads were resuspended in 0.6 ml of lambda () protein Antibodies and Western Blotting Preparation of total fly head extract was performed essentially as phosphatase buffer (PPB: 50 mM Tris-HCl [pH 7.5], 0.1 mM EDTA, 5 mM DTT, 0.01% Triton X-100, 2 mM MnCl 2 , and 0.1 mg/ml bovine described (Edery et al., 1994; Lee et al., 1996) . Briefly, for each time point, ‫03ف‬ l of heads isolated from frozen flies were placed in a serum albumin), divided into three equal aliquots of 200 l, and the beads were collected by centrifugation. Beads were subsequently microfuge tube and homogenized at 4ЊC in 3 vol (relative to heads) of extraction solution 1 (ES1: 100 mM KCl, 20 mM HEPES [pH 7.5], resuspended in 50 l of PPB, and to one aliquot vanadate was added to a final concentration of 40 mM followed by the addition 5% glycerol, 2.5 mM EDTA, 2.5 mM NaF, 5 mM dithiothreitol, 0.1% Triton X-100, 5 mM PMSF, 10 g/ml aprotonin, 10 g/ml leupeptin, of 200 units of protein phosphatase. A second aliquot was treated in an identical manner except that vanadate was omitted, and no and 2 g/ml pepstatin A) using a battery operated minihomogenizer (Kontes). Subsequently, homogenates were centrifuged (12 min at additions were made to the final aliquot. All three aliquots were
